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Mantle plumes, which create topographic swells and volcanism on planetary surfaces, are
generated by the instability of a thermal boundary layer at depth [1].  The characteristics of
plumes including both their spacing and size have important implications for the characteristics
of the thermal boundary layer which creates them.  This study examines the dynamics of a
thermal boundary layer at high Rayleigh number (Ra) based on 3D numerical experiments in a
volumetrically heated fluid cooled from above [2].  Since the bottom boundary of the fluid is
insulated, a thermal boundary  is present only at the top of the fluid.  This allows us to study the
behavior of a thermal boundary layer, independent of any effects of interaction with other
boundary layers.  The unstable thermal boundary layer generates cold plumes that sink through
and cool the fluid beneath.  For moderately high values of the Rayleigh number, the convective
motions are strongly time dependent.  New plumes form by boundary layer instability, and
plumes disappear by coalescing with other plumes.  This behavior has also been observed in 2D
numerical experiments and described as a thermal attractor [3].

The average number of plumes present in our 3D experiments, shown in Figure 1, increases
approximately as Ra1/4.  Since the boundary layer thickness δ varies as Ra-1/4, the average
spacing between plumes varies as δ1/2.  This is at first a surprising result since unstable fluid
layers are usually thought to generate buoyant upwellings at a spacing proportional to the layer
thickness, in this case δ.  The dependence of plume spacing on boundary layer thickness can be
understood as follows.  First, at steady state, plumes must transport the amount of heat internally
generated.  An estimate of the vertical velocity w in a plume can be derived from a balance of
viscous and buoyant stresses µw/d=∆ρgδ.  The flux of cold fluid in one plume is given by f =
πwδ2, and the total heat flux advected by plumes is Nfρcp∆T = Hd.  Here d is the layer
thickness, N is the number of plumes per unit area, and H is the rate of volumetric heating.  ∆T
is the temperature difference across the thermal boundary layer and therefore the temperature
increase in a plume.  Solving for N and using the estimate for ∆T  = Hd2/k Ra-1/4 derived from
the numerical experiments gives N = Ra1/4/πd2 as observed in our numerical experiments
(Figure 1).

The number of plumes present is determined by a balance between the creation rate P of new
plumes by boundary layer instability and the rate of disappearance D of plumes by coalescing
with other plumes.  In general dN/dt = P - D so that P = D at steady state.  Estimates for P and D
can be derived by simple scaling analysis as above.  P = 1/s2τ where s is the spacing of plumes
and τ ≈ δ2/κ is the time for the thermal boundary layer to thicken conductively to thickness δ.
Note that we assume that plumes are created at the equilibrium spacing s and not at a dominant
wavelength proportional to the boundary layer thickness.  Plume coalesence is treated as binary
fusion with D = (V/s)N where V is the velocity at which two plumes approach.  As illustrated
schematically in Figure 2, the flow of cold boundary layer feeds each plume.  Then the
horizontal flow u into a plume can be determined by simple mass balance πsδu = f.  Two
adjacent plumes which entrain boundary layer at a rate u will approach each other at the velocity
V ≈ u as shown on the left in Figure 2.  Combining these results gives P = D only if at steady
state N ∝ Ra1/4.

The above results for plumes sinking from a cold boundary layer are also applicable to
plumes rising from a hot boundary layer.  Swells on the surfaces of Earth, Venus and Mars may
be generated by plumes rising from a boundary layer at the core-mantle boundary.  Based on the
results discussed above, the number of active plumes or alternatively the spacing between them
is proportional to (δd)1/2. These planets have 10-40 [4,5], 4-13 [6,7], and 1-2 [8] active plumes
respectively.  The wide ranges for each planet result from the criteria adopted to define an active
plume, for example whether active volcanism is a requirement.  The detectability of plumes at
the surface may also be strongly affected by factors such as the lithosphere beneath which they
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rise, for example continents and oceans on the Earth.  Nevertheless there appears to be a
significant difference in the number of plumes on each planet which, if properly interpreted,
must have important implications for the thickness of the boundary layer that creates them.  The
different number of plumes in Venus and the Earth may further constrain the factors responsible
for the significant surface differences observed between these two grossly similar planets.
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Figure 1. Number of plumes as a function of Rayleigh number for numerical experiments in a
volumetrically heated fluid cooled from above.  As discussed in the text, the spacing between
plumes is not proportional to the thickness of the thermal boundary layer δ which creates.
Plume spacing varies as the δ1/2.
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Figure 2.  Schematic showing cold boundary layer (shaded) feeding a plume (right) in vertical
section and two adjacent plumes in a horizontal plane (left) which entrain boundary layer at a
rate u.  See text for further discussion.
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